Above-threshold ionization (ATI) electron energy spectra of argon with 800 nm, 40 fs pulses display a contrast which goes through a sharp minimum around 6 × 10 13 W cm −2 . The contrast change encompasses the whole ATI spectrum including the two plateaux. The results of a full numerical solution of the time-dependent Schrödinger equation and the integration over the interaction volume show that in the low-energy part of the spectrum this effect is due to the closing of the 12-photon ionization channel and the correlated opening of the possibility for 12-photon resonances with a different parity. However, the calculation suggests a different origin for the substructure observed in the plateau. When the intensity of a laser pulse in the visible or infrared frequency range is high enough to induce multiphoton ionization in rare gases, the electromagnetic field also strongly distorts the atomic structure. The Rydberg states are shifted in energy due to the AC Stark effect. The amount of energy by which the states are displaced converges to the so-called ponderomotive energy U p in the limit of high-lying Rydberg states. Consequently, the ionization potential increases by the same amount. In atomic units (the atomic unit of intensity is 3.51 × 10 16 W cm −2 ), for an intensity I and a frequency ν = ω/2π , the ponderomotive energy is given by U p = I/4 ω 2 . Typical field parameters are I = 2 × 10 −3 and ω = 5 × 10 −2 , yielding a shift of U p = 0.17 au corresponding to more than three times the photon energy. It follows that when the intensity is varied over a large enough range, the minimum number of photons required to ionize the atom may increase by several units. This effect, called channel closure (CC), is difficult to detect in the total ionization probability. In contrast, the successive ionization channels may be identified in the photoelectron energy spectra which are composed of peaks separated by the photon energy [1], with each peak corresponding to a well defined number of absorbed photons. The absorption of photons in excess of the minimum number is known as above-threshold ionization (ATI). The progressive decrease of 0953-4075/01/020009+09$30.00
When the intensity of a laser pulse in the visible or infrared frequency range is high enough to induce multiphoton ionization in rare gases, the electromagnetic field also strongly distorts the atomic structure. The Rydberg states are shifted in energy due to the AC Stark effect. The amount of energy by which the states are displaced converges to the so-called ponderomotive energy U p in the limit of high-lying Rydberg states. Consequently, the ionization potential increases by the same amount. In atomic units (the atomic unit of intensity is 3.51 × 10 16 W cm −2 ), for an intensity I and a frequency ν = ω/2π , the ponderomotive energy is given by U p = I/4 ω 2 . Typical field parameters are I = 2 × 10 −3 and ω = 5 × 10 −2 , yielding a shift of U p = 0.17 au corresponding to more than three times the photon energy. It follows that when the intensity is varied over a large enough range, the minimum number of photons required to ionize the atom may increase by several units. This effect, called channel closure (CC), is difficult to detect in the total ionization probability. In contrast, the successive ionization channels may be identified in the photoelectron energy spectra which are composed of peaks separated by the photon energy [1] , with each peak corresponding to a well defined number of absorbed photons. The absorption of photons in excess of the minimum number is known as above-threshold ionization (ATI). The progressive decrease of the low-energy ATI peak amplitudes and the suppression of the lowest ones with increasing intensity was the first signature of CC and of the onset on the non-perturbative regime of ATI [2] .
Besides increasing the ionization potential and CC, the AC Stark shifts necessarily induce transient resonances during the light pulse when the energy of shifted states matches the energy of an integer number of photons absorbed from the ground state. In the dressed-atom picture, such resonances correspond to avoided crossings of the ground state dressed by an integer number of photons and a Rydberg state. The resonant states are populated through LandauZener transitions during the time-dependent level crossing and are subsequently ionized during the rest of the pulse. In that sense, it can be said that MPI is a resonant process whatever the photon energy [3] as long as AC Stark shifts are of the order of a photon energy or more, i.e. for intensities typically above 10 13 W cm −2 . Such resonances appear as (now well understood) substructures of the ATI peaks obtained with short pulses (1 ps or below). Their amplitudes and energies depend on the resonance intensity, i.e. the intensity that lifts the Rydberg state up to the resonant energy compatible with the absorption of an integer number of photons. Dipole transition selection rules determine which states can be resonant with a given number of photons. The resonance width depends of course on the state lifetime in the field, the pulse duration and, increases linearly with intensity in the perturbative regime.
ATI has in recent years been the source of more surprises: the so-called plateaux extending the number of absorbed photons in excess of the threshold, to very high orders [4] . In a classical picture, the energy a freed electron can gain in the electromagnetic field cannot exceed 2U p and depends on the phase at which the electron is 'born' in the field. The extension of the ATI spectra beyond the classical limit of 2U p which makes the plateau is explained by the rescattering of the oscillating electron on its parent ion: part of the quiver energy is then converted into drift energy allowing the average kinetic energy, to reach up to 10U p for a backscattered electron [5] . In the case of argon, an apparently different interpretation of the plateau was given. It has been established [6] experimentally by resolving each peak of the plateau (photoelectron energy in the range 15-25 eV) into a triplet structure, that all the ATI peaks in this plateau were, in fact, resonances. The nature of these resonances has been discussed in Muller [8] .
Numerical simulations, solving the time-dependent Schrödinger equation (TDSE) on a grid with a model potential [7, 8] beautifully reproducing tiny details of experimental spectra [9] , support the resonance interpretation of the plateau. Surprisingly enough, narrow resonances persist even in the case where the resonant states lie well above the saddle point formed by the atomic potential and the field interaction, implying a rather long lifetime of such states while their perturbative lifetime would be less than a femtosecond [8, 10] .
Alternatively and surprisingly, calculations using a delta potential, for which no Freeman resonance exist, can reproduce the envelope enhancement of the plateau [11, 12] .
The work reported here contributes to this debate by investigating an aspect which has not been discussed explicitly so far in this context. We have recorded the angle-integrated ATI spectra in the ionization of argon by 800 nm, 40 fs pulses over a large energy range including the so-called plateaux. The spectra show a conspicuous drop in the peak contrast around an intensity of 6 × 10 13 W cm −2 . This somewhat surprising outcome stimulated this paper. Numerical simulations using Muller's model potential for argon and our B-spline package for solving TDSE [13] provides insight into the correlation between the contrast changes and channel closure, the simultaneous occurrence of two series of resonances with opposite parity as well as the nature of the plateau resonances.
The experiment reduces to measuring the electron energy spectra for different intensities. The laser used was a Ti:sapphire continuously mode-locked oscillator amplified in a regenerative plus one multi-pass, YLF-pumped amplifiers using the chirped-pulse amplification scheme (stretcher, amplifier, compressor). Its main characteristics are an output energy of 1.6 mJ at 790 nm, a pulse duration of 40 fs (FWHM) and a repetition rate of 1 kHz. The beam profile was approximately Gaussian with a FWHM diameter of 20 mm. The wavefront quality was rather poor as indicated by a measurement of the beam section at the focus of a 150 cm focal length plano-convex lens with a CCD camera, three to four times the diffraction limit. The central part of the beam, limited by an adjustable iris, was steered by two Al mirrors at 45
• incidence, and focused by a 1 m lens into a vacuum chamber. The focus was imaged into a magnetic bottle spectrometer in which a spherical mirror of 7 cm radius was focusing it into the sensitivity region. At variance with previous work, this spectrometer has a collection angle of 2π . The mirror, normally used to reflect XUV radiation, was coated by a stack of alternate B/Si layers and the 790 nm was reflected by the top one. The actual reflectivity under normal incidence of the B at 790 nm is estimated to about 80% by extrapolating the Henke data down to 1.55 eV. The intensity at the focus of the mirror is obtained from the energy measured after the iris, the iris diameter and the aperture of the beam on the spherical mirror resulting from the lens-mirror distance. There is, in principle, another possibility to calibrate the intensity actually present in the interaction volume, namely to identify and assign Freeman resonances (transient resonances induced by the AC Stark shifts of Rydberg states). However, in practice, this is useful only in the case where the states are up-shifted by the ponderomotive energy U p . In argon some of the possible resonant states (such as the 4p or 4d) are dipole-coupled and separated by almost the photon energy (1.55 eV). Consequently, their shifts are different from U p and not predictable by simple calculations making an intensity calibration illusory through identification of Freeman resonances, although this might be possible in particular cases. Electron spectra are recorded by time-of-flight (TOF) measurements in a 1.5 m spectrometer which has been described previously [2] . Let us just point out that the interaction zone (250-300 µm) is determined by an 8 mm pinhole set at the beginning of the flight tube, inside the low magnetic field and the ratio (10 3 ) of the strong/low magnetic fields imaging this pinhole in the interaction zone.
We have performed an extensive simulation of the experimental ATI spectra. The calculation includes the atomic structure of argon, the temporal dependence of the pulsed laser beam and, most importantly, the spatial dependence which is accounted for by averaging over the intensity distribution inside the interaction volume. This latter sophistication is essential for a quantitative comparison with the experiment. Practically, we solve the TDSE for the interaction of an argon atom with a time-dependent laser field (having a given peak intensity) yielding what is referred to as single-intensity spectra. We then build the electron yield by summing all single-intensity spectra, each one weighted by a factor equal to the interaction volume corresponding to a particular intensity. The range of intensities (see below) considered in this work are high enough to produce nonlinear non-perturbative effects such as the plateau in the ATI spectra but not intense enough for tunnelling to dominate ionization (γ 2).
For an isolated atom, the single-intensity electron spectrum is obtained by solving the TDSE numerically. The method we use, which is described elsewhere [13, 14] , is based on the expansion of the total time-dependent wavefunction in a basis set of B-spline and spherical harmonics discretizing the radial and angular coordinates, respectively. The argon atomic structure is modelled by a pseudo-potential recently developed by Muller and Kooiman [7] which is well suited for the computation of ATI spectra. The electromagnetic field is treated semi-classically with a cosine-squared envelope to mimic the temporal shape of the pulse. The field parameters are those of the experiment, namely a wavelength of 800 nm, a pulse duration of 40 fs and peak intensities ranging from 3 × 10 13 to 10 14 W cm −2 . Once the time-dependent total wavefunction is known at the end of the pulse, the electron spectrum is extracted by projection on the field-free atomic continuum wavefunctions [14] . Note that the experimental spectra are integrated over angles because the detector collects all the electrons over 2π sr. In the simulation, we can either compute angle-integrated spectra to compare with the experiment or extract spectra of electrons emitted in a particular direction with respect to the polarization axis.
In the single-atom response, the spatial dependence of the field (spatial envelope and periodicity) is omitted and only the temporal dependence is accounted for. This is a reasonable approximation since the wavelength is large compared with the extension of the atom, thus justifying the dipole approximation commonly adopted in ATI theoretical studies.
In the experiment, the detector collects electrons coming from atoms located at different position in the gas jet and therefore experiencing different field parameters. If P E k (I ) is the probability density for an atom to emit an electron with kinetic energy E k under a pulsed field with maximum intensity I , the signal measured when collecting electrons from the whole interaction volume then reads [15] 
where ρ is the density of atoms in the gas jet (assumed to be constant). P E k (I ) is issued from the spectra obtained by solving TDSE for a single intensity.
∂V ∂I
dI is the volume experiencing an intensity between I and I + dI . Note that this approach is different from that presented in [9] since in our case the time dependence of the field (Gaussian or cosine squared pulse shape) is included in the solution of TDSE, while in [9] a ramped-on flat pulse is used to solve TDSE. The profile is then accounted for in the spatio-temporal summation. This latter approach leads to excellent results for rather long femtosecond pulses (120 fs). However, our approach is to be preferred when the pulse duration does not exceed 50 fs because the ionization processes can no longer be considered adiabatic.
We have measured ATI spectra of Ar with a laser intensity ranging from 5 × 10 13 to 8 × 10 13 W cm −2 . The TOF resolution allows us to resolve the peaks up to an electron energy of 25 eV or so (by using a retarding voltage). Accordingly, we have simulated the electron spectra and the agreement (see figures 1-3) is very good. The spectra show the typical features of ATI: a succession of peaks (separated by the photon energy) whose amplitudes first decrease for low-energy electrons and then level off around E k = 15 eV, thus giving rise to the so-called plateau [4, 6] . An interesting and remarkable feature is clearly observable in figures 1-3. As one increases the intensity above 5 × 10 13 W cm −2 , the overall peaked structure of the spectrum is blurred around 6 × 10 13 W cm −2 before reappearing with even higher dynamics at 7 × 10 13 W cm −2 . This is more quantitatively analysed if one defines the contrast of the spectra on the energy scale of a photon as
where
ω] and f (E) is the number of electrons collected with a kinetic energy E (f min (E) is defined similarly). In figure 4 we have plotted the contrast as a function of the field peak intensity for four sampled electron energies located near the ionization threshold (E k = 5.2 and 7.6 eV), at the beginning of the first plateau (E k = 14.4 eV) and in the middle of the plateau (E k = 21.2 eV). The graph clearly confirms, for all electron energies cited above, a large reduction in the contrast at around I = 6 × 10 13 W cm −2 followed by a revival. This behaviour is observed in the simulated spectra for electron energies ranging from 3 to 25 eV and in the experimental spectra from around 5 to 16 eV. This difference is due to the loss of resolution in the TOF spectrometer above 16 eV which masks the contrast revival seen in the simulated spectra. Note also that the contrast has an absolute minimum around an electron energy of 11 eV (see figure 2) , just before the onset of the first plateau as already observed in other experiments [4, 16] .
We now argue that the sharp minimum observed in the contrast is the signature of a channel closure. Because of the ponderomotive shift of the threshold, above an intensity of I = 2 × 10 13 W cm −2 a minimum of 12 photons are required to ionize argon. The 12-photon ionization channel closes at I = 4.6 × 10 13 W cm −2 and the 13-photon channel at I = 7.2 × 10 13 W cm −2 . These intensities agree only within a factor of two with the estimated absolute experimental values based on the pulse energy, although the relative values are in excellent agreement. The minimum in the contrast, however, is not observed (see figure 4) at the CC intensity (neither 4.6 nor I = 7.2 × 10 13 W cm −2 ) but midway in between. As shown below this is due to the resonant character of the ATI spectra 1 . The spectra are built up from electrons collected from an interaction volume, i.e. averaged over a large intensity distribution. Therefore, they should be broad and shift ponderomotively when the peak intensity changes. As they do not shift and do display narrow substructures they clearly signal resonant multiphoton processes occurring always at the same intensity. This can be checked in detail in figure 5 (upper graphs) were we have plotted the computed spectra in the direction of the polarization ( = 0
• ) for low electron energy (left-hand graph) and for electrons in the first plateau (right-hand graph). Because most of the ionization occurs along the laser polarization, angle integrated measurements are close to spectra computed at = 0 • . One can see that as the intensity is increased from 5 × 10 13 to 7 × 10 13 W cm −2 , narrow resonances are developing on the side of the main peaks. Eventually, for an intensity around 6 × 10 13 W cm −2 (thick full curve in figure 5 ), the new comb of resonances are competing with the main peaks thus reducing the contrast. Further increase of the intensity leads to only one of the substructures dominating. The channel closure scenario is validated by the examination of the angular distribution of the ATI peaks. As is well known, the dipole selection rules involved in multiphoton processes sets the final-state parity (to the best of our knowledge this simple property of ATI has never been checked experimentally). Thus the probability of observing an ATI peak electron at 90
• of the laser polarization is a signature of the parity of the resonance. We have indeed verified that the ATI peaks change their parity when the intensity is raised from 5 × 10 13 to 7 × 10 13 W cm −2 . Although the resonant behaviour is seen in the entire spectrum, the nature of the resonances is probably different. Freeman-Rydberg resonances, associated with the substructures observed in the spectra for low electron energy below 12 eV, cannot explain the triplet structure of the first plateau.
First, let us discuss the low-energy part of the spectrum (left upper graph in figure 5 ). There the effect can be traced back to the 'usual' Freeman resonances combined to the integration over the intensity distribution inside the interaction volume. For example, consider electrons from the S = 4 ATI peak (6.2-7.75 eV). For a spatio-temporal pulse with a peak intensity 5 × 10 13 W cm −2 , we have checked by examining single-intensity spectra that the main contribution to the intensity averaged spectrum comes from electrons emitted from the region in the interaction volume where the intensity at the maximum of the pulse is around 4 × 10 13 W cm −2 (i.e. below the channel closure intensity). At this intensity, the spectra are dominated by resonances which are necessarily of even parity at the 11-photon level where they are the most likely to occur. Now, for peak intensities of about 5.5 × 10 13 W cm −2 a new set of resonances clearly emerges. The simplest explanation is that because the 12th channel is now closed, states of odd parity may become resonant through 12-photon absorption. Since the kinetic energies of the corresponding photoelectrons are apparently different, a new comb of ATI peaks, shifted with respect to the previous one, arises, blurring the contrast of the spectra. As the intensity is further increased, eventually the odd-parity resonances dominate and the contrast increases again, albeit with a global shift of the ATI comb of almost the photon energy.
At a first glance, a very similar behaviour is observed for the substructures in the plateau (right upper graph in figure 5 ), although the number of resonances per peak is less. The minimum contrast is also observed at 6 × 10 13 W cm −2 and is also clearly due to a new series of substructures growing after the channel closure. However, significant differences exist between the two regions of the ATI spectra.
The main one appears in the spectra at = 90 • (right lower graph in figure 5 ): the plateau peaks are free of substructures and very weak with respect to the = 0
• ones. Actually, the ratio between the two is of the order of 10 −3 , while it is about 10 −1 in the low-energy part of the spectra. Note that because the ATI peaks are successively odd and even as the order S is incremented, only one ATI peak out of two appears in a spectrum of electrons ejected at 90
• . If the plateau structures were to be interpreted as the same Rydberg resonances, they would also appear at 90
• as is the case for low electron energy (lower left-hand graph in figure 5 ). Instead, the ATI peaks shift ponderomotively towards lower energy as the intensity is increased indicating that the process ejecting electrons at this energy and angle is typically non-resonant. On the other hand, electrons emitted at the same energy but in the direction of the polarization do reveal a resonant behaviour. It is now well adopted that plateau electrons (and actually electrons emitted at energies as high as 10U p ) are backscattered electrons that have been driven back and forth around the nucleus by the field. The multiplet structure thus observed in the direction of the polarization could be interpreted as interference in the backscattering process as proposed by Kopold and Becker [11] or as interference between wavepackets as proposed by Muller [7] .
In conclusion, the loss of contrast in argon ATI spectra in a small intensity range around 6. × 10 13 W cm −2 close to the intensity at which the 12th ionization channel closes is observed over the whole spectrum including the plateaux. The channel closure and the simultaneous possibility of even-and odd-parity Freeman resonances with comparable weight due to the averaging over the intensity distribution inside the interaction volume explain the effect in the low-energy part of the spectrum.
The sub-peaks ATI structure observed in the plateau region [6] (between 13 and 25 eV) undergoes qualitatively similar changes. However, according to the present calculation, the spectra computed for = 90
• are free of such structures which therefore must have a different origin although clearly related to the channel closure too. This view seems to be in agreement with the conclusions of a very recent work of another group [12] .
